Lake deposystems are commonly associated with retroarc mountain belts in the geological record. These deposystems are poorly characterized in modern retroarcs, placing limits on our ability to interpret environmental signals from ancient deposits. To address this problem, we have synthesized our existing knowledge about the distribution, morphometrics, and sedimentary geochemical characteristics of tectonically formed lakes in the central Andean retroarc. Large, active mountain belts such as the Andes frequently create an excess of sediment, to the point that modeling and observational data both suggest their adjacent retroarc basins will be rapidly overfi lled by sediments. Lake formation, requiring topographic closure, demands special
INTRODUCTION
Lake deposits within structural basins contain some of the most complete records of Earth history. In addition to their wellknown use in providing long-term, high-resolution records of climate change (Olsen, 1986; Scholz et al., 2007; Melles et al., 2012) , these lake deposits also retain useful records of tectonic activity, and a wide array of surfi cial and biological processes, including weathering and erosion rates. Our ability to extract these records from ancient lake deposits rests on a fi rm foundation of understanding the linkages among climatic, tectonic, hydrologic, and biologic processes and the resulting sedimentology and stratigraphy preserved on the lake fl oor. This can best be accomplished with thorough investigations of modern processes and lakes, guided by the theoretical underpinning of facies models, derived either conceptually or with the help of computer modeling.
Prior studies of rift-lake systems clearly illustrate the value of linking modern process studies in sedimentology and geomorphology with subsurface stratigraphy (from coring and shallow seismic-refl ection data) in tectonically formed lake basins (e.g., Rosendahl, 1987; Scholz and Rosendahl, 1988; Cohen, 1990; Scholz et al., 1993 Scholz et al., , 1998 Tiercelin et al., 1994; Soreghan and Cohen, 1996; Cohen et al., 1997; Morley et al., 2000; Colman et al., 2003; McGlue et al., 2006; Karp et al., 2012) . This synergy revolutionized our understanding of the ways in which rifts evolve as tectonostratigraphic systems and paved the way for a much more mature use of their deposits in paleoclimatology and basin analysis. In contrast with rift systems, we know relatively little about the sedimentology of modern lake-basin deposystems associated with retroarc mountain belts. Studies of modern orogenic-belt depozones have focused primarily on megafans, alluvial fans, and fl uvial/overbank systems, where the linkages to active tectonics are perhaps more immediately evident (e.g., Räsänen et al., 1990 Räsänen et al., , 1992 Mertes et al., 1996; Kronberg et al., 1998; Horton and DeCelles, 2001; Singh et al., 2001; Aalto et al., 2003; Leier et al., 2005; Assine and Silva, 2009; Horton, 2011) . Modern foreland-basin lakes and wetlands have received far less study from the point of view of basin analysis. Whereas a number of individual lake basins within orogenic-belt depozones have been subject to detailed study, the focus of the vast majority of these studies has been for Quaternary paleoclimatology and paleoecology (e.g., Seltzer et al., 2000; Fritz et al., 2004) , rather than basin analysis linking climate, ecosystem, geomorphic, and tectonic drivers of lake evolution. This knowledge gap is remarkable given the extensive investigations that have been made on ancient foreland-basin lake deposits in areas such as natural resources (Castle, 1990; Cole, 1998; Rubble and Phillip, 1998; Bohacs et al., 2000) , limnogeology (Smoot, 1983; Buchheim and Eugster, 1998) , paleoclimatology (Roehler, 1993; Cole, 1998; Sloan and Morrill, 1998; Cabrera et al., 2002) , sedimentdelivery modeling, and paleohydrology in large lake basins (Pietras et al., 2003) , not to mention the controversies that have surrounded many of these issues. More broadly, compressional orogenic-zone basin deposits have the potential to provide detailed, integrated records of tectonic and climate history of mountain belts, and therefore of plate-tectonic history (e.g., Heller et al., 1988; Jordan, 1995; DeCelles et al., 1998 DeCelles et al., , 2011 Uba et al., 2007; Carrapa et al., 2011) . Effectively interpreting the sedimentary record, however, demands a more thorough understanding of deposystems in modern foreland basins than we currently possess.
Previous studies by our research group have been directed at addressing this information gap by investigating specifi c modern basin examples in and around the Andean orogenic belt (Omarini, 2007; McGlue et al., 2011 McGlue et al., , 2012a . Here, we make a fi rst attempt to synthesize our sedimentologic and geomorphic data, along with preexisting data from various published sources, on a range of modern Andean lakes of tectonic origin (Fig. 1A) . Our goal is to provide a broad, comparative data set that can form the basis of comparative facies and limnogeologic models conditions such as topographic isolation and arid climatic conditions to reduce sediment generation, and bedrock lithologies that yield little siliciclastic sediment.
Lacustrine deposition in the modern Andean retroarc has different characteristics in the six major morphotectonic zones discussed. (1) High-elevation hinterland basins of the arid Puna-Altiplano Plateau frequently contain underfi lled and balanced-fi lled lakes that are potentially long-lived and display relatively rapid sedimentation rates. (2) Lakes are rare in piggyback basins, although a transition zone exists where basins that originally formed as piggybacks are transferred to the hinterland through forward propagation of the thrust belt. Here, lakes are moderately abundant and long-lived and display somewhat lower sedimentation rates than in the hinterland. (3) Wedge-top and (4) foredeep deposystems of the Andean retroarc are generally overfi lled, and lakes are small and ephemeral. (5) Semihumid Andean backbulge basins contain abundant small lakes, which are moderately long-lived because of underfi lling by sediment and low sedimentation rates. (6) Broken foreland lakes are common, typically underfi lled, large, and long-lived playa or shallow systems.
of modern lake formation, sedimentation, and geologic evolution within an active retroarc system. Tectonically formed lakes in the Andean retroarc have evolved in a wide range of tectonic, geomorphic, bedrock geologic, and climatic settings, providing an excellent basis for predictive-model development. The time is particularly opportune to take a synthetic approach to Andean limnogeology, as our understanding of the Andean retroarc system itself is in a phase of rapid change (DeCelles et al., 2009) . Emerging tectonogeomorphic and geophysical models related to orogenic cycles and tectonic-climatic feedbacks in mountain belts provide a new framework for understanding the context of modern lake distribution. Thus, there is a strong potential that understanding controls on modern Andean lake deposystems can lead to a new and richer understanding of similar basins (for example, associated with the Laramide or Sevier orogenies) in the rock record.
GEOMORPHIC AND TECTONIC DISTRIBUTION OF LAKES IN THE ANDEAN RETROARC BELT
Modern lakes, wetlands, playas, and salars can be found in a wide variety of settings in the Andean region. The depressions that accommodate these bodies of water owe their origins to a variety of tectonic (fault-bounded) and nontectonic processes (e.g., eolian excavation, volcanism, glacial overdeepening, or glacial moraine and landslide damming). In most cases, individual lake origins and subsequent evolution are infl uenced by multiple external drivers that create or modify accommodation. It is useful to characterize the region's lakes by tectonogeomorphic setting, specifi cally because the tectonic drivers determine the likelihood of long-term preservation of lacustrine strata in the geologic record (Cohen, 2003) . This in turn increases the value of actualistic studies for interpreting the ancient rock record. Morphotectonic zones are color coded to lake localities as follows: hinterland (black, 1-7); hinterland/piggyback transition (orange, 9-10); piggyback (green, 8, 11-12) ; broken foreland (red, 13-16); back-bulge (light blue, 17-25) . Lakes: 1-Lake Junin; 2-Salar de Uyuni; 3-Salar de Atacama; 4-Laguna Miscanti; 5-Lago Chungará; 6-Lake Umayo; 7-Lagunillas; 8-Lake Pacucha; 9-Lake Titicaca; 10-Laguna de los Pozuelos (note: box corresponds to map area of Fig. 6 ); 11-Lake Opabusu; 12-Laguna La Brea; 13-Laguna Mar Chiquita; 14-Laguna del Plata; 15-Salina de Ambargasta; 16-Salinas Grandes; 17-Lake Chaplin; 18-Lake Bella Vista; 19-Lagoa Caceres; 20-Lagoa Castelo; 21-Lagoa Negra; 22-Lagoa Jacadigo; 23-Baia Vermelha; 24-Lagoa Gaiva; 25-Lagoa Mandioré. DEM processed from Shuttle Radar Topography Mission (SRTM) 90 m data using RiverTools. BS-southwestern Brazilian Shield; C-Chaco; CS-Chaco Seco. (B) Mean annual precipitation (MAP) over the same region of South America. Data are from Legates and Willmott (1990) . The southern extent (austral summer) of the Intertropical Convergence Zone (AS-ITCZ), extending across southern Amazonia, and associated NE (South Atlantic) moisture sources are also shown. Dashed rectangle marks the area used for the lake morphometric study discussed in Figure 12 .
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Lake Formation and the "Overfi lling" Problem in Retroarc Deposystems
Regardless of the formation mechanism, the production of a lake on Earth's surface requires both a topographic depression and a source of water. Maintaining a topographic depression, in turn, involves a balance between sediment supply and whatever mechanisms are available to generate new accommodation for that sediment. Carroll and Bohacs (1999) developed a three-part classifi cation scheme for lakes, which categorizes them based on the relative balance of formation rates of potential accommodation relative to sediment and water infi ll. In tectonically formed basins, such as within an orogenic belt, this largely, although not exclusively, involves some combination of faulting, fl exure, or local downwarping of the crust.
In extensional or transtensional lake basins, for example, in continental rifts, relatively limited sediment supplies from areally small hinterlands are typically coupled with considerable normal-fault throws at the basin boundaries (Cohen, 1990) . This leads to a common outcome of basins that are topographically (and often bathymetrically) deep, with sediments underfi lling the basin over much of its history. The resulting geometry and accommodation volumes over time produce the characteristic rift-lake "sandwich" stratigraphy, with fl uvial and deltaic deposits bracketing lacustrine ones in many evolving rift deposystems (Lambiase, 1990) , often at rapid rates and over geologically brief intervals. In contrast, retroarc fold-and-thrust belts, with their large mountain fronts feeding sediment into fl exure-controlled forelands, produce very different patterns of accumulation. Under such settings, sediment overfi lling, with the formation of alluvial deposystems might be expected to be favored, and topographic depressions, which are required to produce lakes, intuitively would be expected to be relatively uncommon. Furthermore, the subsidence of foreland basins typically plays out over much longer periods (10 7 -10 8 yr) than in rift basins (10 6 -10 7 yr) and is probably a much more pulsed or cyclic process (e.g., DeCelles and Giles, 1996; DeCelles et al., 2009) . Modeling experiments as well as the rock record itself generally support this idea. Geomorphic evolution models parameterized for realistic topographies and uplift/fl exure rates for the Andes suggest that the formation of topographic depressions within the foreland of an orogenic belt is a diffi cult process (Pelletier, 2007; Engelder, 2012) . Increasing accommodation volumes or decreasing sediment accumulation rates suffi cient to create topographic depressions and a lake under such circumstances then require some combination of the following processes or conditions:
1. Localized topographic isolation. Topographic depressions can develop where alluvial and fl uvial sediment sources are diverted from a basin by local bedrock highs. High-relief structures (e.g., steep-reverse or normal faults with signifi cant throw) can be expected to provide particularly effective barriers to sediment accumulation. In retroarcs, the most common context for developing this type of topography and associated lacustrine basins is in association with thick-skinned, basementcored uplifts, such as the modern Sierras Pampeanas (Jordan and Almendinger, 1986) , or the ranges of Laramide age in western North America (Pietras et al., 2003; Lawton, 2008) . Localized basin isolation and topographic depressions can also occur when the regional fl exural wave (which generates both structural highs and lows) interacts with preexisting geologic structures and in the process reactivates older faults. For example, reactivation of Salta Rift features within the Cordillera Oriental occurred in the Tertiary (Grier et al., 1991) , and similar processes may have impacted the Andean back-bulge region in the Quaternary (Ussami et al., 1999) .
2. Climate. A reduction in sediment yield by decreasing stream discharge (and variability and/or intensity of discharge) could result in the underfi lling of sedimentary basins and allow topographic depressions to be maintained. This hypothesis is supported by both modeling (Pelletier, 2007; Engelder, 2012) and long-term observational data in the Andes (e.g., Hilley and Strecker, 2005; Uba et al., 2007 ; but see Bywater-Reyes et al. [2010] for a more equivocal climate-sedimentation rate relationship in the Andes). This contrast between sediment underfi lling under long-term arid conditions versus sediment overfi lling as climate becomes more humid results in an increased likelihood of lacustrine conditions over longer intervals and larger areas under drier conditions. This outcome is evident in the increased abundance of lakes in the modern Andean retroarc south of 35°S, where the westerlies take over as the principal climate system. As a result, the east side of the Andes is much drier, and this pattern is also borne out in retroarc basin systems elsewhere (e.g., Smith et al., 2008) . This climatic effect can be expected to be most pronounced where erodible watersheds are largest and most integrated (i.e., away from pronounced topographic isolation; e.g., Jordan et al., 2001 ). In turn, this effect accounts for perhaps the largest single difference in lacustrine basin evolution between rifts and foreland basins. Rifts are structurally deep holes surrounded by small watersheds yielding little sediment, and thus they are prone to sediment underfi lling. As a result, rift lakes over the long-term behave like natural rain gauges, increasing in size, depth, and lacustrine deposit extent as climate gets wetter. In contrast, foreland basin systems can experience immense sediment loads spilling into much broader receiving basin areas. This creates a tendency toward the overfi lling of basins by sediment, and it will cause lacustrine deposition to disappear as climate gets wetter.
3. Bedrock lithology. Differences in erodibility can have a profound impact on the rate at which retroarc basins fi ll, and thus the likelihood that they can retain topographic closure and remain underfi lled by sediment (Carroll et al., 2006) . The erosion of highly resistant crystalline bedrock, for example, as exposed in many basement-cored uplifts, is more conducive to produce sediment underfi lling in adjacent basins than easily eroded volcaniclastic or semi-unconsolidated sediments. Many, if not most, of the large lakes formed in modern or ancient foredeep settings (where sedimentation is most focused in retroarcs) occur adjacent to mountain ranges that are dominated by limestone bedrock. Examples include the large lakes associated with the Sevier and Laramide foredeeps (Peterson and Draney Limestones, Flagstaff Limestone; e.g., Drummond et al., 1996; Zaleha, 2006; Gierlowski-Kordesch et al., 2008) , or the Swiss Molasse Basin (Platt and Keller, 1992) . This most likely results from the increased likelihood of chemical weathering of a large fraction of the carbonate-bearing watershed. A signifi cant proportion of these weathered sediments, rather than being deposited within the foredeep as particulate material, is instead carried as dissolved load out of the deposystem. This would increase potential accommodation as the downstream basin continues to subside, enhancing the probability that a large topographic depression can be maintained, where a lake can form.
4. Short-term (nontectonic) interacting factors. Many of the lakes that occur within a retroarc system owe their existence to processes that are either unrelated to regional tectonics, such as competitive aggradation within large alluvial and fl uvial systems or eolian defl ation (e.g., Assine and Soares, 2004) , or processes that are related in indirect ways, for example, volcanic impoundments, especially within the Altiplano region, where volcanoes are most abundant (e.g., Pueyo et al., 2011) . It is important in discussing patterns of lake formation within the retroarc to understand when short-term lake-forming mechanisms have a longterm connection to the accumulation of tectonically controlled lacustrine basins. As discussed herein, there are strong feedback mechanisms between the climatic and tectonic conditions across a large orogenic belt like the Andes. Thus, even though a lake may have a short-lived mode of origin that is seemingly unrelated to tectonics, the probability of that mode producing large numbers of topographic depressions across the retroarc landscape may in fact be strongly regulated by the long-term evolution of the orogen.
Climatology of the Andean Retroarc and Its Relationship to Lake Formation
The climate, and in particular the effective moisture balance of the Andean retroarc region, plays a key role in determining both the nature of standing waterbodies in this region and their short term areal extent (i.e., expansions and contractions related to precipitation variability in basins that lack a surfi cial outlet, which in this paper we term "closed"). Our intention here is not to give a thorough review of the region's climatology and forcing variables, but rather to explain the broad patterns of effective moisture-balance variability in the study region.
The primary sources of available moisture within the central Andean retroarc (11°S-30°S tropical-subtropical belt; Fig. 1B ) are regulated by the seasonal migration of the Intertropical Convergence Zone (ITCZ), which supplies moisture predominantly from the South Atlantic (Garreaud et al., 2009) , supplemented in the southern region by the South American monsoon. Although wind fi elds strengthen and weaken seasonally, there are no complete reversals of wind vectors between the South Atlantic and South America, the hallmark of a fully monsoonal system. Precipitation in the study area reaches a maximum during austral summer, especially between southern Amazonia and northern Argentina. Except for the far southeastern portion of the study region ( Fig. 1 map area) , precipitation is minimal during the austral winter, when the ITCZ retreats north of the study area. Summer moisture in the Chaco region (northeastern Argentina and Paraguay) is also strongly infl uenced by Amazonian-sourced water vapor, which is transported south between the Brazilian Plateau and the Andes as far as 40°S (the southern limit of summer moisture) by the South American Low-Level Jet (Labraga et al., 2000; Doyle and Barros, 2002) . Between ~20°S and 30°S, there is also a general gradient of decreasing precipitation from the east (Brazilian Shield) to the west, which reaches a minimum in northern Argentina in the arid Chaco (Chaco Seco). This trend may be related to southwesterly transport of the Amazonian-sourced moisture and rainout from east to west over the Chaco region, where large summer convective storms often develop. Interannual variation in the strength of these sources is modulated by variations in sea-surface temperature (SST) and El Niño-Southern Oscillation (ENSO) variability; high-latitude effects (Antarctic Oscillation and North Atlantic Oscillation) also appear to have some infl uence on precipitation variation.
The impacts of these interactions are highly infl uenced by the orographic effects imposed by the Andes. Easterly winds shed almost their entire remaining volume of precipitation within a geographically narrow belt upon reaching the abrupt eastern edge of the Andes. This is evident in the narrow belt of slightly higher mean annual precipitation (MAP) at the Andean front at both 23°S and 26°S (Figs. 2A and 2B) ; in some areas, extreme rainfall anomalies are associated with the lower-elevation mountain front (e.g., Trauth et al., 2000) . This rainout leads to much lower precipitation levels at higher elevations and locations across the western side of the tropical and subtropical Andes, and eventually hyperaridity toward much of the Western Cordillera. Large-scale air mass subsidence affects all of the western fl ank of the Cordillera year-round south of ~15°S. In the northernmost part of the study area, Amazonian and Atlantic moisture reaches the high Cordillera as a result of middle-and upper-level easterlies associated with the formation of the Bolivian High (Lenters and Cook, 1997) . This results in strong convection over the northern Altiplano region, which is therefore much wetter than the southern Altiplano and Argentine Puna Plateau. The southern portion of the South American Cordillera lies within the westerly belt, where Pacifi c moisture sources and winter rainfall dominate. Arid conditions prevail to the east of the Andes here, but this zone lies outside of the latitudinal belt of concern in this study.
The climatic gradients discussed here have clearly played an important role in the evolution of lakes in this region, but their effect on lakes is frequently counterintuitive (Carroll and Bohacs, 1999) . Although topographic depressions will initially display an increase in lake level and an enlargement of lake area as precipitation increases in its watershed, this enlargement is continuously being offset by the increase in water and sediment discharge that normally accompanies a precipitation increase. Thus, over in retroarcs because of the potentially enormous sediment loads that mountain belts can generate. In order to make sense of climate's role on lake formation in the Andean retroarc, we need to consider the relationship of the climate pattern to the depozones within which the lakes are forming.
Lake Depozones in the Andean Retroarc System
Lacustrine deposition in the modern Andean retroarc is focused in six major morphotectonic zones, each of which is characterized by a different set of dominant processes and environments (Figs. 3 and 4).
Hinterland Basin Lakes
The high-elevation plateaus (Altiplano or Puna areas) of western Argentina and Bolivia and parts of Chile and Peru are occupied in places by extensive hinterland basins (sensu Horton, 2011). These basins, typifi ed by the numerous large modern salars of northwestern Argentina and southwestern Bolivia, are somewhat enigmatic in origin, but they likely owe their existence to irregularities in lithospheric thickness below the Andean plateaus. Areas of anomalously thick lithosphere in the PunaAltiplano appear to be associated with the development of thick and dense eclogitic roots, which in turn are hypothesized to form during the high-fl ux magmatic events associated with the cordilleran orogenic cycle (DeCelles et al., 2009) . At Earth's surface, these dense eclogitic roots are manifest by broad, saucer-shaped basins, lacking obvious border-fault boundaries, although they are often characterized by localized extension and normal faulting. DeCelles et al. (2009) hypothesized that the growth of such basins would terminate as the eclogitic root drips off the lithosphere, resulting in a topographic rebound and uplift of the crust below the prior depocenter (hence the colloquial term "bobber" basin has been applied to these basins). The lateral scale of modern topographic basins within the Altiplano is intriguingly similar to the lithospheric seismic-velocity heterogeneities observed geologically longer time periods, a region of high precipitation can only support the continued existence of topographic depressions and lakes if a countervailing mechanism exists to maintain a sill, such as the examples of topographic diversion from localized uplifts or changes in watershed bedrock composition and sediment supply. These mechanisms are particularly critical through seismic tomography (Beck and Zandt, 2002) . Seismic stratigraphy across several of the modern hinterland basins suggests they are currently undergoing broad subsidence, interrupted by only occasional normal faults (e.g., D 'Agostino et al., 2002; Lowenstein et al., 2003) . Individual topographic depressions owe their origin within the Andean hinterland to a variety of complex interactions of localized uplifts (nascent "bobbers") adjacent to preexisting topographic lows, which become cut off, producing the numerous medium-sized (tens of kilometers) basins of the Puna Plateau. In contrast, in the Altiplano region, topographic closure is manifest by fewer but larger structural basins integrated into a single large interior drainage system (Horton, 2011) . Some lakes in this region also owe their origins to the abundant volcanism of the hinterland zone, through the damming of drainages (e.g., Pueyo et al., 2011) . As noted previously, the Puna and Altiplano Plateau regions where hinterland basins are developing are largely blocked from receiving easterly derived moisture. As a result, modern hinterland lake basins are dominated by semiarid to arid depositional processes and internal drainage systems (dry alluvial fans, saline lakes, and extensive salt fl ats or salars; Sobel et al., 2003; Alonso, 2006; Fig. 5A) , and for the most part are underfi lled (sensu Carroll and Bohacs, 1999) . Several of these salars are commercially exploited for their high lithium (Li) and BO 3 contents. In the northern, semiarid parts of the Altiplano, higher precipitation on the eastern margin of the hinterland has developed interconnected drainages and the formation of freshwater lakes with surface outlets (e.g., Lake Titicaca).
Piggyback Basin Lakes
The thrust belt of the Eastern Cordillera is a region of very high relief and is almost entirely an erosional environment today. Relatively small piggyback basins, separated by thrust faults with surface expression, occupy isolated valleys lying atop the various thrust sheets that make up the Eastern Cordillera. We make a distinction in this study between piggyback basin lakes (sensu Ori and Friend, 1984) and lakes of the lower wedge-top zone (discussed in the following). This is because there are signifi cant contrasting geomorphic and hydrologic consequences for lake development in those regions of the thrust belt where bedrock thrust sheets isolate currently existing deposystems (the piggyback zone in our terminology) versus lower-elevation areas of the wedge top where active deposystems are not isolated by bedrock highs (i.e., blind thrusts terminate in the subsurface). High-altitude (2000-4000 m above sea level) piggyback basins that lie within the western part of the Eastern Cordillera experience semiarid to arid climates and have similar depositional characteristics to the hinterland basins (i.e., underfi lled saline lakes and dry fans), although they are generally much smaller in surface area. Because of the ongoing eastward advancement of the Andean thrust belt, piggyback basins at the transition to the Andean hinterland appear to be undergoing an evolution from thrust-sheet (reverse fault)-bounded basins to the normal-fault boundaries more typical of the hinterland basins. Seismic stratigraphic, aeromagnetic, and some outcrop data from Laguna de los Pozuelos (Figs. 5B and 6) and Lake Titicaca (both on the eastern margin of the Puna-Altiplano) are in fact consistent with this evolutionary-or hybrid-basin model. Older reverse-fault structures, still evident in surface-topographic controls of drainage, are now being superseded by either normal faulting (e.g., Caffe et al., 2002) or broadly subsiding depocenters with little evidence of faulting. Our research in the Pozuelos Basin highlights the potential infl uence of localized normal faults on basin-fl oor gradients and the distribution of depositional environments in Quaternary lake systems (McGlue et al., 2013) .
Below ~2000 m, considerably higher precipitation causes most small intermontane piggybacks to be overfi lled by sediment and dominated by fl uvial and wet-fan deposystems, with only rare (and small) lakes and wetlands (e.g., Laguna La Brea; Fig. 5C ). Most natural lakes within the thrust belt are formed by landslides, rather than by being structurally dammed (e.g., Trauth and Strecker, 1999) . The former process of lake formation is particularly common in the lower-elevation portions of the Andean thrust belt because of the combination of extreme mass wasting and the existence of numerous, narrowly constricted river valleys. Given the high-precipitation characteristic of the region, such lakes are likely to be short-lived and catastrophically drained.
Wedge-Top and Foredeep Lakes
At the eastern transition from the Andean thrust belt to the modern wedge top (sensu DeCelles and Giles, 1996) and foreland basin, the depositional system is fi lled to capacity by a huge excess of sediment (Fig. 7) . In the wedge top and foredeep of the modern Andes, very large distributary depositional fans ~750 mm/yr500-600 mm/yr Extramontane (e.g. L. Mar Chiquita)
Intermontane (e.g. S. de Ambargasta -Salars and shallow salt lakes)
Flexural Forebulge (San Guillermo High) Figure 4 . Schematic cross section of Andean tectonics and depozones in a region of thick-skinned deformation, and basement-cored uplifts, modifi ed after Costa and Vita-Finzi (1996) and Dávila et al. (2010) . Generalized precipitation gradient is representative of conditions at ~32°S, across the Sierras Pampeanas. ( megafans; sensu Leier et al., 2005) are being deposited by each of the major east-fl owing river systems (Figs. 5D and 8). These low-gradient fan systems deposit relatively coarse-grained sediments close to the mountain fronts (e.g., regions of high residual elevation overlying blind frontal thrusts, thus within the wedgetop depozone), but their deposits rapidly fi ne in the foredeep. The Rio Bermejo megafan is typical, with a highly migratory channel belt depositing mostly fi ne sands and silts within the foredeep and spilling across the forebulge. Wetlands are highly localized within the foredeep (Fig. 5E) , and lakes are rare in the northern Argentinian (Chaco Seco) foredeep. Further south, in the more arid portions of the foredeep, sediment underfi lling and topographic closure become more common, leading to the formation of permanent, saline lakes lacking a surface outlet (Fig. 5F ).
Many of the lakes in this region are also highly modifi ed by eolian processes (defl ationary yardang lakes; Fig. 9A ).
Forebulge and Back-Bulge Basin Lakes
The fl exural forebulge of the Andean foreland deposystem lies ~200-250 km east of the western edge of the modern foredeep (Fig. 10) . The forebulge is extensively overridden by megafans today and, as a result, has little or no surface topographic expression. Possible exceptions exist in the northern Andean foreland, where river-channel gradients (Beni region) and Neogene stratigraphy (Amazon region) suggest the presence of forebulge topography (Aalto et al., 2003; Roddaz et al., 2005) . Furthermore, no clear relationship exists between the forebulge position and topographic residuals from an idealized graded-stream profi le along the Bermejo and Pilcomayo megafans ( Fig. 8 ; developed using the methods described in Zani et al., 2012) . The forebulge is associated with a relative residual high along the Rio Bermejo megafan, whereas the opposite appears to be the case for the Rio Pilcomayo, especially away from the active channel belt. Although the forebulge, where we have observed it, is primarily soil mantled, wetlands occur even on some parts of the forebulge crest (Fig. 9B) . Much of the northern Argentine foredeep is blanketed by thick (up to tens of meters) Neotropical Quaternary loess (Sayago, 1995; Sayago et al., 2001) , which further complicates attempts to correlate sedimentary patterns in the foredeep with tectonic controls. However, the position of the forebulge is marked by a broad transition in the megafans from a highly distributive system (multithread braided channels) to dominantly meandering channel belts with numerous oxbow lakes and wetlands, which continue into the back-bulge basin depozone (Figs. 9C and 9D; for a more extensive discussion of lakes and wetlands associated with the distal portions of these types of distributive systems, see Davidson et al., 2013) . Because the position of the forebulge also coincides with a climatic transition (wetter to the east), and an extensive north-south spring line, it is unclear the extent to which underlying tectonics, hydrology, and/or climate control this transition in the deposystem.
In most areas of the Andean retroarc, the forebulge has few or no lakes, although there is one enigmatic exception to this generalization. The northern forebulge region within the study area includes parts of the Beni Plain of Bolivia from ~12.5°S to 15°S, where extraordinary numbers of shallow (generally <3 m), rectilinear lakes occur. The origin of these lakes has been highly controversial. Some authors have suggested a tectonic origin (e.g., Plafker, 1964; Allenby, 1988) in alignment with local subsurface tensional features. However, as noted by Dumont and Fournier (1994) , these lakes are also aligned with paleodune features. Even more remarkably, these rectilinear lakes (including some as much as 20 km long) appear to be connected to extensive mounded earthworks of pre-Columbian age (e.g., Lombardo and Prümers, 2010; Lombardo et al., 2012) , suggesting their origins and orientation may be, at least in part, anthropogenic.
The back-bulge depozone (sensu DeCelles and Giles, 1996) forms a belt east of the forebulge in northeast Argentina, central Paraguay, southeast Bolivia, and southwest Brazil. Throughout this region, these basins experience considerably more humid climates than the Andean foredeep, with precipitation generally increasing toward the north. However, because of their distal setting relative to major sediment sources and thus extremely low sediment supply rates, they have suffi cient accommodation to allow numerous lakes and wetlands to form, especially along the axis of the Paraguay River (Fig. 11A) . Basin formation within the back-bulge depozone is probably also infl uenced by more local tectonic elements, for example, in the Pantanal Basin (BrazilBolivia), which is ponded adjacent to the relict topography of the Brazilian craton (Fig. 11B) . Here, distinctly larger lakes occur (up to ~150 km 2 , though generally <5 m deep), as well as cratonfed megafans and wetlands (Fig. 11C) . As in the foredeep, megafan deposition has often been secondarily modifi ed by eolian processes (lunette formation and shallow lakes), most recently during a mid-Holocene arid period ( Fig. 11D ; Assine and Soares, 2004; McGlue et al., 2012b) . 
Broken Foreland Lakes
In the regions of the Andean retroarc experiencing fl at-slab subduction, very different type of shallow crustal structure and topography occurs, comprising basement-cored uplifts (the Sierras Pampeanas) with steeply dipping, fl anking reverse faults exposing crystalline basement rocks at higher elevations (Jordan and Almendinger, 1986; Rapela et al., 1998) . The fl oors of the intervening basins are effectively isolated from much of the sediment load coming off the Eastern Cordillera, and this isolation, coupled with relatively resistant bedrock, has allowed topographic closure to develop between several of the ranges. Because the ranges also act as moisture traps (albeit lower-elevation ones than the main Andean front), the more westerly of these basins are relatively arid in comparison with the Pampean region to the east. Consequently, the depocenters of the western basins are currently occupied by hypersaline lakes and playas ("salinas"; e.g., Zanor et al., 2012; Fig. 11E) . A major topographic depression is also found in the frontal foredeep east of the easternmost Pampean ranges, the Sierras de Cordoba, resulting in the Mar Chiquita topographic (and endorheic) basin, currently fi lled by Argentina's largest lake, Laguna Mar Chiquita ( Fig. 11F ; Martínez, 1995; Reati et al., 1997) . Closure on the east of the Mar Chiquita depression may be linked to the position of the forebulge (i.e., the San Guillermo High; Dávila et al., 2010; see Fig. 10 ), although note that Chase et al.'s (2009) model places the bulge considerably more to the west of this position, and some authors have suggested that the San Guillermo High is a buried Pleistocene intraforeland uplift (Mon and Gutiérrez, 2009 
COMPARATIVE GEOMORPHOLOGY, SEDIMENTOLOGY, AND SEDIMENTARY GEOCHEMISTRY OF ANDEAN RETROARC LAKE BASINS
As discussed in the previous section, lake deposystems within the Andean retroarc encompass a wide range of lake, wetland, and playa types formed under a wide range of climatic conditions. Comparison of the characteristics of lacustrine deposystems within a larger, tectonically controlled deposystem has previously proven useful, both by providing analogs for inferring similar settings in the geologic record, and as hydrocarbon and mineral exploration tools (e.g., Cohen, 1990) . Here, we consider variations in lake morphometry, sediment accumulation rates, and sediment geochemistry among all Andean retroarc lakes for which our own or published data are currently available. We restrict our study to those lakes for which origins, evolution, and topographic closure are linked to their tectonic setting within the retroarc. For this reason, we have excluded from our analysis, for example, glacial lakes of the high Andes. Although the sample size of lakes available for this fi rst study of its kind is still limited, there are intriguing differences between lakes of different depozones, which appear to have predictable relationships to regional tectonoclimatic characteristics.
Lake Morphometry
We analyzed lake morphometry in the central Andes from ~21.5°S to 26°S and ~57°W to 67.5°W (Fig. 12) . This region includes lakes from the hinterland (including piggyback basins B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B B along the transition zone of the Puna and Eastern Cordillera), wedge-top, foredeep, forebulge, and back-bulge depozones. Lake boundaries were extracted manually using ArcGIS software and GeoCover 2000 data downloaded from http://nasa.ssc.zulu.gov/ mrsid/. Surface areas and perimeters were calculated in ArcGIS. In this context, lake surface areas were based on the snapshot captured by Landsat sensors during the season of acquisition, which appears to have been during or shortly after the wet summer season. Across our study area (n = 345 lakes total), the vast majority of the lakes have surface areas ≤0.5 km 2 . The highest density of lakes analyzed was located in the back-bulge depozone (n = 180), where MAP ranged from ~800 to 1500 mm. The vast majority of these lakes are small (<0.5 km 2 ). The largest lakes in the back-bulge (e.g., Lake Ypacaraí, Paraguay) were adjacent to minor topographic highs, and we hypothesize that their evolution may have been infl uenced by interactions of the migrating fl exural profi le with preexisting topography or neotectonics. A similar situation exists in the Pantanal, as some of the largest lakes in that basin are situated amongst the Neoproterozoic Serra do Amolar mountains, and their depocenters are adjacent to shoreline-coincident topography (McGlue et al., 2011) . Lakes were least abundant in the wedge top, forebulge, and foredeep (n = 12, 37, and 47, respectively), which we attribute to limited preservation of topographic depressions in these depozones. By contrast, greater numbers of lakes were located in the hinterland (n = 69). The largest lakes in our survey were found in this depozone, with 14 lakes exhibiting a surface area >10 km 2 . The presence of large lakes in the hinterland is consistent with the arid climate (MAP = 45-535 mm) limiting the rate of sediment delivery, as well as localized tectonic infl uences (e.g., normal faulting) on the creation of accommodation. Although it seems counterintuitive, shallow closed-basin lakes that are areally expansive are common features of arid environments, where sediment delivery is limited. In the long-term, wetter climates promote infi lling of lake basins by sediment and ultimately the replacement of lakes by fl uvial deposys- The region from which these lake data were obtained is shown in Figure 1B (dashed rectangle).
tems (e.g., Bohacs et al., 2000) . In the Andean hinterland, water feeding these lakes is most likely sourced from local springs and runoff from the high Andes peaks surrounding the basins.
Sediment Accumulation Rates
Sediment accumulation rates have a potentially strong linkage with both tectonic and climatic forcing in lake basins. Characterizing systematic differences in accumulation rates between lakes or basin types may lead to fundamental insights into the probability that a given basin type is prone to over-, balanced-, or underfi lling (sensu Carroll and Bohacs, 1999) . Sediment accumulation rates ultimately affect other variables such as lake morphometry (discussed earlier herein) and sediment geochemistry (through clastic-or chemical-sediment dilution of other components).
However, comparing sediment accumulation rates among lake basins is not straightforward. As Sadler (1981) demonstrated, measured sediment accumulation rates are highly sensitive to the duration of the interval over which the measurement is inferred, as a result of an increasing probability of hiatuses and erosional episodes over longer durations. As a result, we present our comparative sedimentation rate data using a Sadler-type plot relating rates to measurement duration. We compiled all available rate information (constrained by a combination of 210 Pb, 14 C, U-series, Ar/Ar, and other dating methods) for nonglacial lakes within the retroarc depozone. Data were compiled from published literature and our own data. For all data points, we collected rate and interval information from all pairs of dated horizons within cored intervals, excluding obvious age-reversal data points from the analysis. Where only graphic data were available in the form of age-versus-depth age models (i.e., no published tables of ages were provided), we digitized those data using DigitizeIt.
A Sadler-type plot of sedimentation rate information indicates a clear separation between lake basins within different morphotectonic zones of the retroarc (Fig. 13A) . When adjusted for measurement interval, the highest accumulation rates are observed in lakes from the Altiplano hinterland settings (e.g., ~0.2-3 mm/yr for observation durations of 10 4 yr; orange symbols on Fig. 13A ), perhaps because of large watershed areas coupled with little vegetation stabilizing the landscape and (or) abundant loose volcanogenic debris in most of the hinterland settings. Somewhat lower sedimentation rates are observed in the lakes lying on the transition between hinterland and piggyback settings (orange edge and yellow center points on Fig. 13A ), in piggyback basins (green points on Fig. 13A ), and broken foreland basins (light-green points), all with 0.08-1 mm/yr for observation durations of 10 4 yr. The trend of these data conforms with the estimated sediment accumulation rate of 0.32-0.34 mm/yr over ~2 m.y. duration for the Miocene lake deposits of the Palo Pintado Formation, which formed in a wedge-top setting (Bywater-Reyes et al., 2010) . In all cases, the intermontane settings of these lakes may isolate them from large watershed feeder areas. An exception is Laguna Mar Chiquita, which occupies an extramontane broken foreland setting and exhibits a large (>37,000 km 2 ) watershed. Accumulation rates are relatively high for this basin, albeit over relatively short durations of measurement. The lack of rate data for lakes in the foredeep refl ects an absence of such lakes in the modern Andean retroarc, although it is reasonable to predict that any lake forming in such a setting would be subject to very high accumulation rates. The lowest rates we observe are from lakes in the back-bulge settings (0.01-0.3 mm/yr), which are far removed from major montane sources. Furthermore, most of these back-bulge regions are partially or wholly bypassed by major sediment-distribution networks derived from the Andes, although some also receive sediment from the east (i.e., cratonic sources, such as in the case of some of the Pantanal lakes).
The range of sedimentation rate values observed in Andean retroarc lakes centers around global lacustrine means, but with a higher fall-off in rates with longer measurement duration (i.e., slope of data), most notably for the back-bulge deposits. This indicates a long-term lower preservation probability of these orogenic lacustrine deposystems (i.e., greater erosion or nondepositional hiatus likelihood) relative to the mean lacustrine slope. In this regard, the Andean lake sedimentation rate slopes are more similar to average fl uvial deposystems (Sadler, 1981) , albeit with lower mean accumulation rates for any given duration of measurement. This inference is clearly evident from the late Quaternary core records from shallow lakes (e.g., Laguna de los Pozuelos and various Pantanal lakes; McGlue et al., 2012b McGlue et al., , 2013 . Although some of this difference between retroarc lakes and all lakes might be attributable to greater dating uncertainty with greater duration, there is no reason to expect such an artifact would affect retroarc basins systematically.
Comparative Lacustrine Sediment Geochemistry
We have also compiled available sediment geochemistry data for Andean retroarc lakes (Fig. 13) . The variables we consider, including total organic carbon (TOC), total inorganic carbon (TIC), carbon:nitrogen ratios in organic matter (C:N), biogenic silica concentrations (BiSi), and the δ 13 C and δ
18
O of organic matter, are ones that have been frequently assessed in limnogeology studies to interpret paleoenvironments (Cohen, 2003) . However, even for these important variables, data are available for far fewer lakes (n = 15, not all variables available for all lakes) than for morphometry or sedimentation rates, and thus generalizations about lake-class characteristics remain problematic. Few of the depozone sample populations are distinguishable by univariate distributions around the mean at the 2σ level. Furthermore, most of the data sets are derived from subsurface core samples (surface sediment sample indicated on fi gure). Thus, some of the differences (and within-lake variability) observed may relate to varying climatic conditions at the time of deposition as much as depozone setting. In compiling these data, our intent is to stimulate additional research on comparative sedimentology in the region based on an admittedly limited range of observations, rather than to make defi nitive statements about the contrasts or similarities among lakes. Our data set consists of both published data and our own, previously unpublished information.
In the plots that follow, TOC was determined either by coulometry, elemental analysis, or through loss on ignition (LOI) using standard techniques. The precision associated with TOC determined by coulometry or elemental analysis is typically better than 0.10 wt%, whereas the precision of LOI is usually more variable (Heiri et al., 2001) . Similarly, TIC was determined coulometrically or through LOI methods. The carbon and nitrogen stable isotopic compositions of lacustrine organic matter are generally determined in tandem using a continuous-fl ow mass spectrometer, usually coupled with an elemental analyzer. Values reported here use the conventional δ notation relative to Vienna Peedee belemnite (VPDB) for carbon or atmospheric nitrogen (for nitrogen). Sample preparation is a known complicating factor in determining δ 13 C, particularly with the procedure for the removal of carbonates (e.g., Brodie et al., 2011) , which can be accomplished through wet rinse or vapor-phase acidifi cation in a desiccator. The precision of these analyses is on the order of 0.10‰ and 0.20‰ for δ 13 C and δ 15 N, respectively. The ratio of carbon to nitrogen can be expressed either as mass or atomic values (Meyers and Teranes, 2001 ). These data are most reliable for the determination of organic matter source when TOC exceeds 1.0 wt% and when contributions from inorganic nitrogen are taken into account (e.g., Talbot, 2001 ). In most cases, biogenic silica was determined using a wet-chemical extraction technique that consists of exposing samples to hot sodium hydroxide over specifi c time steps (e.g., DeMaster, 1979) . The precision of this analysis is ~1.0 wt%.
Total Organic Carbon (TOC) and Total Inorganic Carbon (TIC)
TOC versus TIC comparisons between lakes are complicated by the variable methods used to calculate these data among all studies. In particular, estimates of TOC and TIC by LOI have well-known uncertainties, particularly when carbonate is actively precipitating (Dean, 1974; Heiri et al., 2001) . Our data suggest possible contrasts between lake depozones, although none is statistically signifi cant at the p < 0.05 level (Fig. 13B) . Analyzed hinterland lakes displayed moderate TIC and relatively high TOC values, with considerable within-lake variability in TOC. This variability is particularly evident over glacial-interglacial time scales, undoubtedly related to overall vast changes in lacustrine productivity associated with those changes. The overall high levels of TOC in a number of Altiplano lakes are noteworthy, because, as is evident from our sedimentation rate data, these are also areas of high overall sediment rates, primarily from siliciclastic inputs. This is because they all occur in arid settings with little terrestrial organic matter (OM) input (the role of aerosol OM contributions is unknown), and because ultraviolet B photodegradation can be expected to oxidize OM, and photoinhibition can be expected to constrain photosynthesis at these altitudes (Villafañe et al., 1999) . Thus, a high concentration of OM in the face of high total sedimentation rates implies very high fl ux rates of OM. The two lakes on the transition between hinterland and piggyback zones, lying at similar altitudes and in similar precipitation regimes, had lower TOC values. Lake Titicaca has previously been documented to be mesotrophic, with primary productivity levels on par with other large tropical lakes (Richerson et al., 1992) . They also had completely dissimilar TIC concentrations, with Lake Titicaca showing extremely variable (and bimodal) TIC concentrations, whereas Laguna de los Pozuelos was generally TIC poor. Carbonate-bedrock sources are more prevalent in the northern Altiplano and Lake Junin watersheds, which may explain the higher TIC values observed in these areas. Lakes in the wetter lowland settings (low-elevation piggyback, broken foreland, and back-bulge) below the Andean arid zone generally displayed very low TIC values and high but highly variable TOC.
Carbon:Nitrogen (C:N) Ratios
The carbon to nitrogen ratio in the organic fraction of lake sediments (expressed here as atomic or molar ratios) is a commonly measured variable that is often indicative of whether the dominant source of OM is autochthonous or allochthonous, the latter including atmospheric or bird-derived material from outside the immediate watershed (Meyers and Teranes, 2001) . Because of the absence of cellulose in aquatic algae and the low proportions of N in cellulose and woody tissue, C:N ratios are typically much higher in lake sediments dominated by terrestrial sources of OM, although an exact threshold of autochthonous versus allochthonous OM cannot be specifi ed (Cohen, 2003) . Low values of C:N (<10) can reasonably be interpreted to indicate algal sources, but defi nitively identifying terrestrial sources is complicated by diagenesis (which tends to elevate C:N ratios over time) and autochthonous production in N-limited lakes (e.g., Hecky et al., 1993) . In fact, diagenetic effects are probably responsible for much of the variation seen in this data set (Fig. 13C) .
All depozones had C:N ratios that averaged between 9.8 and 12.6, with no statistically signifi cant difference among depozones. Mesotrophic Lake Titicaca sediments displayed relatively low C:N ratios, which is somewhat surprising given the lake's size. However, the variability in ratios at Lake Titicaca Figure 13 . Sediment accumulation rate and sediment geochemistry for Andean retroarc lakes. For all plots: orange symbolshinterland lakes; green-piggyback basin lakes; orange edge/ yellow center-hinterland-to-piggyback transition; blue-back-bulge lakes. Geochem ical data are from core samples unless indicated by "surface sed." on key. (A) Plot of sediment accumulation rates as a function of measurement interval for modern Andean retroarc lakes. Data sources: Junin (Seltzer et al., 2000) ; Uyuni (Fritz et al., 2004) ; Atacama (Bobst et al., 2001) ; Miscanti (Grosjean et al., 2001 ); Chungará (Moreno et al., 2007) ; Umayo (Ekdahl et al., 2008) ; Lagunillas (Ekdahl et al., 2008) ; Pacucha (Hillyer et al., 2009) ; Titicaca (Fritz et al., 2007) ; Pozuelos (McGlue et al., 2013) ; Opabusu (Carnes, 2011) ; Mar Chiquita (Piovano et al., 2007) ; del Plata (Larizzatti et al., 2001) ; Chaplin (Burbridge et al., 2004) ; Bella Vista (Burbridge et al., 2004) ; Castelo (Bonachea et al., 2010) ; Negra (Bonachea et al., 2010) ; Jacadigo (Bonachea et al., 2010) suggests that potentially signifi cant and variable N loss from diagenesis could affect these values. In contrast, C:N ratios in Laguna de los Pozuelos are both high and highly variable. Some of this pattern may result from low N proportional to OM delivered to the lake at its southern deltas. However, the high productivity of this lake and the large variability of the data both suggest that variable diagenetic loss of N may be the major factor responsible for these results and perhaps in the other lakes displaying large amounts of variability in C:N ratios. Highly variable C:N ratios are also evident in Lagoa Gaíva and Lagoa Mandioré in the back-bulge and Salina de Ambargasta in the broken foreland, albeit less variable than Pozuelos. Most of these back-bulge lakes lie within a wetland-dominated region of the Brazilian Pantanal, which is heavily infl uenced in terms of sedimentation by allochthonous materials derived from a seasonal fl ood pulse of the adjacent upper Paraguay River (McGlue et al., 2011) . Laguna La Brea (piggyback zone) shows a lower C:N ratio, typical of more autochthonous production, which is not surprising considering that this lake has a very small watershed in comparison with those of the Pantanal, with their seasonal connection to the Paraguay River system. Sediments from Lake Opabusa, another piggyback lake not shown in Figure 13C because of a lack of TOC data, nonetheless also yields relatively low C:N ratios (mean = 9.95). In both cases, there may be a tectonogeomorphic control on these values, in that the spatially isolated watersheds within the lowland piggyback zone may be unfavorable for delivering large quantities of allochthonous OM to the lake. The broken foreland lake samples showed a very wide range of C:N ratios. Notably, modern Laguna Mar Chiquita sediment C:N ratios, typical of a predominantly autochthonous OM source, are much lower than those of core sediments from the same lake, suggesting the possible loss of N through diagenesis. This may also explain the high (and highly variable) ratios in the highly oxidizing arid lake environments of the other broken foreland lakes and the arid Laguna de los Pozuelos data.
Biogenic Silica (BiSi)
Biogenic silica is the proportion of Si produced by all Sisecreting organisms, including diatoms, other siliceous algae, and sponges, although in most lake depocenters (including those of the Andean retroarc,) the dominant contributors are diatoms. Therefore, BiSi is often interpreted as an indicator of diatom productivity (e.g., Schelske et al., 1986) . However, it is clearly infl uenced by terrigenous sediment fl ux and diatom dissolution as well, and in lakes with strong fl ood pulse inputs, river-derived sponge spicules probably are major contributors to the total BiSi load. BiSi data show statistically signifi cant differences between high values for the analyzed hinterland lakes versus all other depozone classes. The two hinterland basins for which data were available had extremely high (and highly variable) BiSi and TOC concentrations, possibly as a result of more autochthonous primary production over time, especially from diatoms (Fig. 13D) . All other lakes measured to date in the retroarc show relatively low BiSi values, with no signifi cant differences among those lake classes. Internal production in back-bulge lakes may be more driven by green algae and other autotrophs than diatoms. Because many of these low-elevation lakes appear to be highly productive, it is possible some are Si-or N-limited (e.g., Lagoa Mandioré), which would encourage the growth of N-fi xing cyanobacteria, which do not secrete silica. However, a dominance of N-fi xing cyanobacteria is unlikely to explain the low BiSi values for Mar Chiquita (or other broken foreland lakes) given their high N-isotope values discussed in the following section. Carbon and nitrogen stable isotope records from lacustrine OM have been commonly used by paleolimnologists to help understand lake and watershed ecosystem dynamics (Meyers and Teranes, 2001; Talbot, 2001) . Our data set of δ 13 C organic matter and δ 15 N organic matter from the Andean retroarc shows a possible grouping of lakes by geographic (and perhaps tectonic) setting, although the differences are not statistically signifi cant (Fig. 13E) . The lakes of the relatively low-elevation piggyback basin zone (the only low-elevation lakes of the Andean front for which we have OM data) have OM characterized by relatively negative δ 13 C values, suggesting a dominance of algal OM contributions or C 3 terrestrial OM. It is noteworthy, however, that Lake Opabusu, which lies within this zone, is surrounded by primarily C 4 vegetation (Carnes, 2011) . As a group, these lakes also display relatively enriched δ
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N OM values, suggesting OM in these lakes is derived primarily from algae that are not N 2 assimilators, or, alternatively, indicating a signifi cant soil contribution (the latter possibility being considered less likely given the depleted δ 13 C data). Lake sediments from the Pantanal back-bulge zone display a similar range of depleted δ 13 C values as found in the piggyback lakes, consistent with a dominant contribution of autochthonous phytoplankton production. However, the nitrogen isotope fi eld for the back-bulge lakes is less enriched in δ 15 N, suggesting either less soil input or more N 2 -assimilating cyanobacteria in these lakes. Cyanobacterial blooms were frequently observed during our sampling of these lakes (McGlue et al., 2011) . In this respect, the back-bulge lakes are similar to the semihumid Altiplano Lake Titicaca, where the C isotopic signature suggests a dominant algal contribution consistent with its large size, and where relatively depleted N isotopes are consistent with that lake's status as strongly N-limited, with strong contributions to its algal biomass from N-fi xing cyanobacteria (Richerson et al., 1992; Ballantyne et al., 2011) . The broken foreland basin lakes, and Laguna de los Pozuelos all occur in much more arid settings than the backbulge or low-elevation piggybacks-clearly a function of orographic effects on precipitation in their respective settings. These lakes have sediment OM that is more enriched in δ 13 C, consistent with their closed hydrology, lower proportional autochthonous production of OM, and higher inputs of terrestrial C 4 -derived vegetation. They also display intermediate δ indicative of more soil enrichment or less N 2 -assimilating cyanobacteria in the OM pool than in the back-bulge setting.
A plot of C:N versus δ 13 C (Fig. 13F) shows a possible trend of more humid (and more frequently open) hydrologic systems in the relatively humid back-bulge and low-elevation piggyback settings versus the other lake types. There is a near-complete separation between the δ 13 C of OM from hydrologically closed lakes (>-21.5‰) compared to open lakes (<-21.5‰). The only exception is the slightly more enriched mean value for Lagoa Mandioré (open) versus Lake Opabusa (closed). There is considerable overlap in C:N data across climates, probably as a result of diagenetic loss of N as previously discussed, as indicated by the generally much larger 1σ ranges associated with the C:N data.
DISCUSSION
Our investigations highlight the diversity of lake types present in the Andean retroarc. Based on the available literature and our own studies of the modern Andean retroarc lakes, we make some preliminary generalizations about the characteristics of lakes forming within each major depozone (Table 1) . Not surprisingly, lakes are most common and probably have the greatest potential for leaving stratigraphic records in basins that are underfi lled by sediments, most of which are in arid to semiarid environments. Predominantly closed-basin lakes of the hinterland, hinterland-to-piggyback transition, and the inter-and extramontane broken foreland probably represent the regions with the highest probability of lacustrine sediment preservation, given their combination of probable long duration in areas of active subsidence and relatively high sediment accumulation rates. This supposition is borne out in the Cenozoic rock record of the Andes, where signifi cant lake deposits from Pliocene-Pleistocene piggyback and hinterland basins have been documented (e.g., Cladouhos et al., 1994; Sobel et al., 2003; Bywater-Reyes et al., 2010; González Bonorino and Abascal, 2012; McGlue et al., 2013) . South of our primary study area, within the Patagonian climatic belt dominated by prevailing westerlies, the foredeep is considerably more arid, with lower Andean uplift rates and probably lower sediment yields. In this setting the foredeep is also a favorable environment for long-term accumulation of lake deposits. Evidence of foredeep lakes is present in the rock records of both the Andean and Sevier (western U.S. Mesozoic) foreland basins. A lake, represented by laminated siltstones and carbonates of the Upper Lumbrera Formation , appears to have occupied a foredeep depozone during part of the Eocene-Oligocene in Argentina, whereas salinealkaline lake strata (marlstones and laminated siltstones) of the Upper Impora Formation mark the late Eocene distal foredeep in Bolivia (DeCelles and Horton, 2003) . In both cases, total lake strata are relatively thin (10-20 m). The formation of topographic depressions may have been limited in the Andean foredeep by the erosion of the dominantly siliciclastic fold-and-thrust belt. In the rock record of the western United States, extensive Lower Cretaceous lacustrine strata (>75 m thick) are present in the foredeep depozones of Wyoming and Idaho (Drummond et al., 1996; Zaleha, 2006) . Carbonate bedrock in the adjacent thrust belt and a dry prevailing climate associated with rain-shadow development may have assisted in the preservation of topographic depressions and lake formation in the Sevier foreland. Analogous rainshadow effects and relationships to lake evolution are evident in modeling experiments for Laramide-age broken foreland basins of the western United States (Sewall and Sloan, 2006) .
Back-bulge deposystems are also areas of abundant modern lakes. However, these lakes are likely to be much more ephemeral than the regions mentioned previously. This fact, coupled with the overall slow rates of lacustrine sediment accumulation in the back-bulge, makes the accumulation of thick sequences of back-bulge lacustrine rocks in the stratigraphic record less likely. Moreover, the total accommodation available for sediment and water in the back-bulge is limited by the minor fl exural response cratonward of the forebulge (DeCelles and Giles, 1996) . Backbulge basins most likely develop where a strong viscous coupling exists between the base of the continental plate and downward circulating mantle-wedge material that becomes entrained by the subducting oceanic plate (i.e., dynamic subsidence; DeCelles, 2011). Lake systems in the back-bulge are likely to be broad, shallow, and characterized by low-relief margins. Examples of back-bulge lake systems in the Andean Cenozoic record are controversial, whereas much better records are preserved in the backbulge of the Sevier foreland (e.g., Zaleha, 2006) . In Argentina, Del Papa (1999) documented the Lower Paleocene Maíz Gordo Formation, a 230-m-thick succession of carbonate paleolake deposits that accumulated in a basin marked by low-gradient ramp margins. Marquillas et al. (2005) argued that these deposits, as well as the overlying "Faja Verde" lake beds, formed during the postextensional sag phase of the Salta Rift. More extensive tectonostratigraphic research indicates that the Maíz Gordo lake strata most likely mark deposition in a back-bulge depozone associated with early Andean orogenesis . In the western United States, deposits of numerous groundwater wetlands and fl oodplain lakes are present in the Upper Jurassic Morrison Formation of Colorado, Utah, and South Dakota (western United States; Dunagan and Turner, 2004; Turner and Peterson, 2004) . These deposits are laterally discontinuous and range up to 20 m thick in Colorado (Dunagan and Turner, 2004) and South Dakota (M. McGlue, 2011, personal observ.) . Zaleha (2006) described a relatively large Early Cretaceous lake, Lake Minnewaste, in a back-bulge position within the Sevier foreland basin system. Where it crops out in South Dakota, the Minnewaste Limestone Member of the Lakota Formation is a thin (up to 10 m) carbonate deposit with a mound-like geometry. These beds are interpreted as supralittoral deposits from a saline lake that produced bedded evaporites in its center (Trees, 2012) .
Based on our Andean observations, the lowest-probability environment for lacustrine stratal preservation within the retroarc is the wedge-top environment. Although in principle, long-lived lake systems could form where thrust-sheet margins create topographic depressions, this would in most cases be counteracted by on December 5, 2014 memoirs.gsapubs.org Downloaded from sediment overfi lling from erosion of adjacent high-relief areas. Landslide-dammed lakes, although common in modern Andean piggyback settings, have very low long-term stratal preservational potential, because they fi ll and breach on time scales of decades to centuries (Table 1 ; Trauth and Strecker, 1999) .
Ultimately, we see the potential for characteristic differences among lakes formed in differing morphotectonic zones to serve as a basis for correctly identifying zones of origin for retroarc lake deposits of unknown specifi c origin (e.g., back-bulge vs. foredeep?) based on these suites of facies characteristics. In Table 1 , we identify some examples of ancient Andean retroarc lake and wetland deposits, previously pigeonholed by morphotectonic zone on the basis of other evidence. It is noteworthy that in each of these cases, the characteristics of the ancient examples closely correspond with the predicted gross lithologies and facies patterns observed in our modern lake examples. However, it is probably premature to establish a defi nitive range of facies characteristics for lake types in each morphotectonic zone at this point. First, the range of modern lakes we have studied, even within our limited study area, is far from exhaustive. Second, the range of combinations of lakes, climate, and bedrock expressed today in the Andes is far from a complete catalog of possibilities within a retroarc. For example, carbonate-bedrock watersheds feeding into a foredeep or broken foreland are relatively uncommon in the Andes. In retroarc basins of the Sevier and Laramide orogenic zones, where carbonates were common in paleowatersheds, large foredeep lakes were also common, possibly for reasons we have discussed earlier. A broader synthesis of retroarc lakes will need to incorporate modern studies of these basins from other modern orogenic systems besides the Andes as well as comparative systems in ancient examples from around the world.
CONCLUSIONS
In this study, we make a fi rst attempt to compare and contrast sedimentologic and geomorphic data from a wide range of modern lakes of various tectonic origins formed within the Andean retroarc orogenic system. As in all lacustrine deposystems, maintenance of a topographic depression within retroarc basins (a prerequisite for lake formation) involves a balancing act between creation and destruction of accommodation. Large, actively uplifting mountain belts, such as the Andes, and associated orographic precipitation patterns create an excess of sediment to the point that topographic depressions in many, if not most, retroarc basins are rapidly fi lled by sediment. Lake formation in this context requires special conditions that deviate from this norm, driven by one or more of the following:
1. Topographic isolation. Alluvial and fl uvial sediment sources can be diverted from a basin by local bedrock highs, or the regional fl exural wave can interfere with preexisting topography, in the process reactivating older faults and diverting sediment from an individual basin.
2. Climate. A reduction in sediment yield by decreasing stream discharge (and variability or intensity of discharge) under more arid climatic conditions can result in the sediment starvation of retroarc basins, which allows topographic depressions to form. On geologically short time scales, increased precipitation can raise lake levels and enlarge lakes, but this is counterbalanced by increased sediment supply and eventually by the depositional infi lling of the lake and formation of a through-fl owing fl uvial system, 3. Bedrock lithology. Differences in erodibility and solubility can have a profound impact on the rate at which retroarc basins infi ll with sediment, and thus the likelihood that they can persist as topographic depressions that are not infi lled by sediment and can hold lakes.
4. Short-term (nontectonic) interactions. Many lakes within a retroarc owe their existence to processes that are partly or wholly unrelated to regional tectonics, such as competitive aggradation within fl uvial systems, glacial excavation, or eolian defl ation.
The climate, in particular, the effective moisture balance of the Andean retroarc region, plays a key role in determining the nature of standing waterbodies in this region, their susceptibility to becoming completely infi lled by sediment, and their short-term spatial extent. The primary sources of available moisture within the central Andean retroarc are regulated by the seasonal migration of the ITCZ, which brings moisture predominantly from the South Atlantic, supplemented in the southern region by the South American monsoon. This results in relatively high precipitation in regions that are also far from primary sources of Andean sediments, allowing basins to remain sediment starved. Precipitation in the retroarc is also highly infl uenced by the orographic effects imposed by the Andes. After crossing eastern low-elevation regions of Argentina, Brazil, Paraguay, and Bolivia, easterly winds shed almost their entire remaining volume of precipitation within a geographically narrow belt upon reaching the abrupt eastern edge of the Andes, which in turn produces very high sediment yields into the foreland. This rainout leads, in turn, to much lower precipitation levels at higher elevations and more westerly locations across the tropical and subtropical Andes.
Lacustrine deposition in the modern Andean retroarc is focused in six major morphotectonic zones.
(1) The high-elevation plateaus (Altiplano or Puna areas) of western Argentina and Bolivia and parts of Chile and Peru are occupied in places by extensive hinterland basins. These basins are underfi lled by sediment as a result of their combined tectonic and climatic setting, and they are typifi ed by the numerous large, modern, internally drained salars of northwestern Argentina and southwestern Bolivia. The formation and evolution of these basins appear to be associated with the development of thick and dense eclogitic roots, which in turn are hypothesized to form during the high-fl ux magmatic events associated with the cordilleran orogenic cycle, which can allow these lakes to persist over geologically long time intervals.
(2) The thrust belt of the Eastern Cordillera is a region of very high relief and is almost entirely an erosional environment today. Relatively small piggyback basins occupy isolated valleys lying atop the various thrust sheets that make up the Eastern Cordillera, but few hold lakes as a result of rapid sediment infi lling. Because of the ongoing eastward advancement of the Andean thrust belt, piggyback basins at the transition to the Andean hinterland appear to be undergoing an evolution from thrust sheet (reverse fault)-bounded basins to the normal fault boundaries more typical of the hinterland basins, and some of these basins are quite large and contain big lakes (e.g., Lake Titicaca, Laguna de los Pozuelos), with sediment input limited by their high elevation, orographic moisture blockage, and arid to semiarid settings.
(3) At the eastern transition from the Andean thrust belt to the modern wedge-top and (4) foredeep depozones, the combination of adjacent relief and heavy precipitation causes the depositional system to be overloaded by a huge excess of fl uvial sediments, and lakes are rare, represented by local and seasonal wetlands only. This pattern changes south of the subtropics, where westerlies prevail, causing the Argentine wedge-top and fl exural foredeep to be much more arid (Patagonia) and sediment starved. Here, topographic closure and internally drained lakes are relatively common.
(5) The back-bulge depozone is quite distal to Andean sediment sources. This fact, plus the location of the back-bulge within the tropical-subtropical rain belt, causes wetlands and small, short-lived lakes to be quite common within the study area. However, many of these lakes also owe their existence to other factors, such as reactivation of preexisting faults on the craton and eolian defl ation.
(6) In regions of the Andean retroarc affected by fl at-slab subduction and the formation of basement-cored uplifts (e.g., Sierras Pampeanas), localized basin isolation, nonerosive crystalline basement in watersheds, and the formation of orographic rain shadows all lead to the formation of relatively low-elevation topographic depressions (salars in intramontane settings) and the Mar Chiquita (the largest lake in Argentina) in an extramontane setting.
Lake abundance and sediment accumulation rates are both strongly correlated with morphotectonic setting in the Andean retroarc (Table 1) . In contrast, OM and other geochemical characteristics are highly variable among Andean retroarc lake depozones, and these contrasts may result from long-term climate variability or diagenesis unrelated to the specifi c depozone.
This fi rst synthesis of retroarc lakes suggests lakes are most common and have the greatest potential for leaving stratigraphic records in arid to semiarid, sediment-underfi lled environments. This would include the closed-basin lakes of the hinterland, hinterland-to-piggyback transition, and the inter-and extramontane broken foreland within the easterly belt and perhaps the Patagonian foredeep within the westerly belt. These depozones have the highest probability of lacustrine sediment preservation, given their combination of probable long duration in areas of active subsidence and relatively high sediment accumulation rates, and occurrence in a rain shadow. Back-bulge deposystems, while replete with modern lakes, are also areas where lakes are likely to be somewhat less persistent. This, coupled with their overall slow rates of lacustrine sediment accumulation, makes the accumulation of thick sequences of back-bulge lacustrine rocks in the stratigraphic record less likely, although lake deposits are certainly known from this environment in the stratigraphic record. The lowest-probability environments for lacustrine stratal preservation within the Andean retroarc are the piggyback and wedge-top depozones.
